The beneficial effects of exercise have been recognized for many years yet the molecular mechanisms by which exercise show benefits on health are still elusive. A combination of experimental and bioinformatics approaches can be an invaluable tool to increase the cellular understanding of the molecular mechanisms that underlie the aerobic exercise in obese adolescents. Muscle skeletal proteins were separated by 2D-PAGE and changes in protein expression were revealed by ImageMaster 2D Platinum analysis software. Proteins with expression changes after aerobic exercise were identified by comparison with 2D maps from SWISS-2DPAGE and interactions of proteins were analyzed with STRING and DAVID databases. After aerobic exercise, all participants decreased glucose, insulin, total cholesterol, body mass index and waist circumference. Proteomic differential analysis revealed 10 overexpressed proteins after aerobic training, which correspond to carbonic anhydrase III, beta enolase, creatine kinase, ATP synthase beta subunit, aldolase A, glyceraldehyde-3-phosphate dehydrogenase, triosephosphate isomerase, pyruvate kinase, lactate dehydrogenase and adenylate kinase. Exercise increased glycolysis and oxidative phosphorylation pathways, which is likely to be regulated by ubiquitin c protein.
Introduction
Over the past decade or so, changes in lifestyle have resulted in decreased physical activity and increased obesity [1] . Obese patients have often been diagnosed with "muscle skeletal inflexibility", characterized by lipid toxicity and a tendency to develop insulin resistance [2] . Patients with insulin resistance have alterations in metabolic pathways such as oxidative phosphorylation and AMP protein kinase dependent pathways [3] . In addition, there is enough background literature to show the benefits of exercise in healthy people [4] , diabetic patients [5] , postmenopausal women [6] , obese adolescents [7] and children with insulin resistance [8] . Metabolic improvements are explained partially due to changes in skeletal muscle system [9] . Skeletal muscle is an important metabolic tissue because during exercise it metabolizes carbohydrates and lipids in the mitochondrion.
Many studies have demonstrated biochemical changes after exercise [10] - [12] . However, an integrative study of multiple changes in proteins is necessary in order to increase understanding of physiological pathways that improve metabolic state through exercise. In the past decade, proteomic profiling using mass spectrometry has undergone a remarkable transformation from a highly specialized sub-discipline to a much more accessible technique for the non-specialist and clinical research scientist [13] . Proteomics is a powerful tool that helps us to study protein profile expression; in one experiment we might observe hundreds or thousands of protein changes and built interaction networks. In order to increase understanding of the molecular mechanisms within the cell that underlie aerobic exercise and obesity in adolescents, we initiated a two-dimensional gel electrophoresisbased proteomic and computational analysis of skeletal muscle preparations from overweight adolescents.
Methods

Subjects
Participants were 4 male adolescents between 15 and 18 years (16 years, BMI = 33.81 Kg/m 2 ) diagnosed as obese according to the criteria of the International Obesity Task Force (IOTF) [14] . They were sedentary (defined as less than 90 min per week of regular physical activity in the last year), all were without apparent diseases or muscle alterations. Participants who missed two consecutive weeks of training or failed to meet 80% attendance at scheduled meetings were excluded from the study. The procedures were approved by the Ethics Committee of the University of Guanajuato and written informed consent was obtained from the parents and participants.
Initial screening was conducted by medical history and lifestyle information including eating and physical activity habits. Blood pressure was measured in duplicate by the auscultatory method using a mercury sphygmomanometer (Welch Allyn Tycos, USA) following the guidelines for hypertension detection [15] . Venous blood samples were obtained at rest from the antecubital vein to measure glucose, insulin and lipid profiles; the glucose was determined by enzymatic colorimetric method, glucose oxidase/peroxidase (BioSystems, USA), the insulin level was determined by radioimmunoassay (Human Insulin Specific, MILLIPORE, USA), the lipid profile was determined by enzymatic colorimetric method (SPINREACT, Spain). Participants underwent anthropometric measurements according to ISAK Protocol (International Society for the Advancement of the Kinanthropometry). The sum of 3 skinfolds (chest, abdomen and thigh) was used to calculate body fat percentage according to Jackson and Pollock [16] . A 12 lead electrocardiogram (ECG) was obtained at rest (Burdick EK10 Milton WI, USA) in order to discard alterations or contraindications for exercise. Participants were tested using a maximal incremental exercise test on a treadmill (Track Master Research, Eastlake, OH, USA), to obtained maximal heart rate (HRM) and calculate the oxygen consumption peak (VO 2peak ). Briefly, after warming-up for 3 min at 2.8 mph at a slope of 0%, an exercise test was performed following the Balke protocol (3.4 mph + 1% increase in slope every minute) [17] . During the test, heart rate was continuously recorded with a monitor (Polar RS400SD, Kempele Finland). VO 2peak was defined when the subjects reached maximal fatigue, a rate of per-ceived exertion >17 or a heart rate of 190 -210 beats/min. The VO 2peak was calculated using the following equation according to Pollock [17] : VO 2peak (ml/kg/min) = 0.2 (speed) + 0.9 (speed)(% inclination) speed + 3.5.
The intensity of the training was prescribed according to HRM and VO 2peak .
Skeletal Muscle Biopsy Technique
Before and after a percutaneous needle muscle biopsy (approximately 200 mg) was obtained from the right vastus lateralis muscle under local anesthesia. Skeletal muscle samples were washed with a buffer (20 mM Tris/HCl pH7.8, 10 mM EDTA, 2 mM DTT and protease inhibitor) and stored at −70˚C for further analysis. The post intervention biopsies were done through adjacent incision to the baseline site, 48 or 72 hours after the last training session.
Exercise Training
Participants exercised 50 minutes/day for 3 days/week using a cycle ergometer (Monark 839E) or a treadmill (Track Master Research) at an intensity of 70% to 80% of maximal heart rate verified each minute with a monitor (Polar RS400SD, Kempele, Finland) under the supervision of experienced personnel. Workloads were increased as needed to maintain the prescribed exercise intensity through the study.
Proteomic Profile
Muscle samples with a wet weight of 100 mg were suspended in a lysis buffer (7.0 M Urea, 2.0 M thiourea, 4% (v/w) CHAPS, 100 mM DTT and 30 mM Tris Base, plus complete protease inhibitor) and homogenized using a Sample Grinding Kit (GE, Healthcare). The protein content was quantified with a 2D-Quant Kit (GE, Healthcare). An IPG-buffer pH 3 -10 NL was added to the homogenates for a final concentration of 0.5% (v/v). Protein homogenate samples, containing 50 μg of protein in DeStreak rehydration solution were added to a final volume of 125 μl on 7 cm 3 -10 Non-Linear Immobilized pH gradient strips (GE, Healthcare) and rehydrated for 16 hours, at room temperature. The first dimension was run using an Ettan IPGphor 3 unit (GE Healthcare) applying a total of 7000 V. Prior to the second dimension, each strip was equilibrated for 10 minutes in an equilibration buffer (50 mM Tris-HCl pH 8.8, 6 M Urea, 30% (v/v) Glycerol (87%), 2% (w/v) SDS, trace of Bromophenol blue and 0.5% DTT). Samples were then alkylated by further equilibration for 10 minutes in the same buffer, containing 4.5% (w/v) iodoacetamide instead of DTT. The second dimension was conducted by loading the strips onto a 12.5% acrylamide gel using the mini-PROTEAN Tetra Cell electrophoresis apparatus (Biorad). Gels were run at 130 V, until the blue front reached the bottom of the gel. The protein separation pattern on two dimensional gels was visualized by silver staining according to the manufacturers (GE, Healthcare). Gels were scanned in an ImageScanner III densitometer. Digital images were analyzed and compared using the ImageMaster 2D Platinum analysis software Ver 7.0 (GE Healthcare). Each experiment was done in triplicate. Once the digital image of each gel was compared against the rest, the electrophoretic entities of interest were compared against two-dimensional maps of reference from the SWISS-2DPAGE database in order to identify the proteins. Protein expressions that changed at least twice were considered.
Caloric Intake Assessment
Energy consumption was evaluated by 24-h recall at the beginning and the end of the study. The information analysis was performed with a computer program (Nutrikcal ® VO Software) in order to get the total energy (kcal/day). Participants were advised to maintain their regular eating habits for the duration of the 12 training weeks.
Bioinformatics Analysis
To understand the relationship among differentially expressed proteins in skeletal muscle after aerobic training and their interaction with other proteins, we analyzed the interactome using STRING database 9.05 [18] . Analysis of differentially expressed proteins by Gene Ontology assignment was performed using DAVID v6.7 [19] [20]. Proteins were uploaded into the DAVID functional annotation tool and compared to the human proteome background. Enriched pathways and Gene Ontology FAT terms with a minimum of 2-fold enrichment and a Fisher's Exact test p-value ≤ 0.05 were considered and the top Gene Ontology terms with protein change expression are reported as the proportion of genes involved relative to the total number of genes involved in the whole human genome background.
Statistical Analysis
The analysis of changes before and after the training period was performed by Wilcoxon tests (Statistic 6 ver. USA) p ≤ 0.05 was considered significant.
Results
Participants did not change total energy intake and increased their VO 2max (28.3 to 30.7 ml/Kg/min, p = 0.03), this data shown that exercise was effectiveness. Clinical characteristics are shown in Table 1 . All participants decreased glucose, insulin, total cholesterol, BMI and waist circumference. Proteomic differential analysis revealed 10 proteins spots overexpressed after training (Figure 1) .
Finally, these proteins correspond to carbonic anhydrase III, beta enolase, creatine kinase, ATP synthase beta subunit, fructose-bisphosphate Aldolase A, Glyceraldehyde-3-phosphate dehydrogenase, triosephosphate isomerase, pyruvate kinase, adenylate kinase, L-lactate dehydrogenase A chain ( Table 2) . Five proteins corresponding to glycolytic pathway, one to oxidative phosphorylation, one to pyruvate reduction and NAD + regeneration and two proteins have the function to transfer high energy phosphates. As shown in Figure 2(A) , in order to find relevant proteins among the multiple identifications obtained by proteomic analysis, we subjected the list of the 10 different proteins from Table 2 to bioinformatics analysis in the STRING database. Five proteins were involved in glycolysis pathway (GOTERM_BP_FAT P = 1.56E−6) (Figure 2(B) ).
In order to provide a more comprehensive view of the interactions, ten additional interacting proteins were added. The ten adhered proteins, which interact or are co-expressed with our over-expressed proteins are in Figure 3 . Further analysis of the biological meaning of the studied proteins was carried out using the DAVID database. As seen in Figure 3(A) , it was found that seven proteins belonging to glycolysis pathway (GOTERM_ BP_FAT P = 3.43E−5) and six proteins (Figure 3(B) ) are also involved in the biological process of oxidative phosphorylation (GOTERM_BP_FAT P = 4.33E−4). Additionally, we found the ubiquitin c protein, which seems to be an important node into the network, by its interaction with several proteins (Figure 3) . Ubiquitin c protein may be an activator of protein kinases and participates in some signaling process [21] . 
Discussion
The main finding of the present study was the increased expression of 10 proteins involved in metabolic aerobic and anaerobic pathways in the vastus lateralis muscle of obese adolescents after 12 weeks of aerobic training, controlling for diet.
Hody et al. have reported the increase of Glyceraldehyde-3-phosphate dehydrogenase, triosephos-phate isomerase, pyruvate kinase, adenylate kinase, Fructose-bisphosphate Aldolase A and L-lactate dehydrogenase A chain, but don't report carbonic anhydrase III, beta enolase, creatine kinase, pyruvate kinase nor ATP synthase subunit beta [22] ; that difference in results could be due to the stimuli that subjects were exposed to, Hody et al. focused their test on the effects of eccentric training after 6 weeks while the present study considered 12 weeks of aerobic training. Similar to other studies [23] - [25] the time course of exercise training induced an increase in protein expression. However this is the first study that shows both changes in proteomics, and improvement in anthropometric and biochemical variables. Protein changes involved in aerobic and anaerobic energy production could make the organism more efficient at burning lipids and carbohydrates.
It also explains the decrease in insulin (44%), total cholesterol (12%) and glucose (20%), as well as the phenotypic expression decreased weight (4.3%) and waist circumference (8%).
Importantly, Hittel et al. found an increase in adenylate kinase 1 (AK1), Glyceraldehyde-3 phosphate dehydrogenase (GAPDH), and aldolase A in rectus abdominus muscle from obese/overweight and morbidly obese women relative to lean control subjects [13] . In our study, exercise increased the same proteins and other glycolytic enzymes such as triose phosphate isomerase, pyruvate kinase, L-lactate dehydrogenase A chain, beta enolase, creatine kinase and pyruvate kinase. This increase in glycolytic enzyme could explain the higher efficiency of burning carbohydrates as a beneficial effect of exercise in overweight adolescents.
Additionally, we found that exercise increased adenylate kinase 1 and creatine kinase, which also regulates energy metabolism in muscle [26] . Special attention must be given to the fact of creatine kinase improvement, because it plays a central role in energy transduction in tissues with large, fluctuating energy demands, such as skeletal muscle [27] . The increase of AK1 is representative of an increase in the muscle mitochondrial function with beneficial changes in lipid and carbohydrate metabolism which tend to decrease the weight and waist circumference in adolescents after aerobic training.
Another possible explanation is that carbonic anhydrase III increase may contribute to dissipate muscular fatigue after exercise [25] , and maybe improve the adherence to exercise.
When we explored the protein interactions, several ATP synthase subunits were found, which interact or co-express with ATP synthase subunit beta. With regard to ATP synthesis and mitochondrial metabolism, down-regulation of ATP synthase has been reported in skeletal muscle of patients with type 2 diabetes, ad more creatine kinase B [28] . On the other hand, endurance training up-regulates ATP synthase subunit b protein levels in soleus muscle of rats [29] . Thus, a sedentary lifestyle and reduced amounts of oxidative type 1 fibers in overweight subjects [30] might play a role in the altered levels of ATP synthase subunit b observed in our study, which increase with aerobic training. These findings are consistent with a poor reliance on lipid oxidation in the fasting state in muscles of overweight subjects, which changed to a predominant reliance on lipid oxidation in muscles of subjects with aerobic training.
With regard to Ubiquitin c protein as an important node of interaction with the increased proteins after aerobic training and the new found proteins in the network, the linkage type of the ubiquitin chain determines whether a modified protein is either degraded by the proteasome or serves to attract proteins to initiate signaling cascades, or be internalized [21] . These results support the hypothesis that Ub chains have multiple non-degradative roles in cell signaling [31] . There are no prior reports that ubiquitin c protein functions to maintain the glycolytic enzymes bound in skeletal muscle, however our study suggests it as a probable mechanism to explain a higher efficiency in glucose consumption after aerobic training in order to improve metabolic and anthropometric parameters obtained with exercise.
Conclusion
These proteomic findings suggest that obese adolescents change their phenotype BMI, waist circumference, insulin levels and serum glucose after aerobic exercise through an improved protein expression pattern that especially aids glucose metabolism and increases oxidative phosphorylation, probably due to the ubiquitin c protein that maintains the glycolytic enzymes bound within skeletal muscle, thereby obtaining, a non-degradative role in cell signaling. These proteins play a central role in energy transduction in tissues with large, fluctuating energy demands, such as skeletal muscle.
